Activation treatments are often used as a means of increasing a biochar's sorption capacity for agrochemical compounds but can also provide valuable insight into sorption mechanisms. This work investigates the effects of H 2 O 2 activation on a low-temperature (350 • C) grape wood biochar, evaluates subsequent changes to the removal efficiency (RE) of cyhalofop and clomazone, and elucidates potential sorption mechanisms. Activation by H 2 O 2 decreased the biochar pH, ash content, and C content. Additionally, the biochar O content and surface area increased following activation, and Fourier transform infrared spectroscopy (FTIR) data suggested a slight increase in surface O groups and a decrease in aliphatic C. Cyhalofop RE significantly increased following activation, while clomazone RE was unchanged. The increased sorption of cyhalofop was attributed to pH effects and charge-based interactions with biochar O moieties. Results from this study suggest that H 2 O 2 activation treatments on low-temperature biochars may improve the removal of organic acid herbicides but are of little value in optimizing the removal of polar, non-ionizable herbicides.
Introduction
There is a growing interest in biochar as sustainable soil amendment due to the agronomical benefits derived from its use. Lately, biochar has attracted attention for showing sorbent properties towards a wide variety of agrochemical compounds. By binding chemicals such as pesticides, biochar can help prevent and remediate contamination in soil and water [1, 2] acting, among others, as a soil ameliorant tool. To further enhance the sorption capacity of biochars, activation processes akin to those used in the production of activated charcoal are increasingly being adopted [3, 4] . These activation treatments may be particularly useful for improving herbicide sorption capacities of low-temperature biochar (< 400 • C), which are favored for soil fertility applications, but have relatively low sorption capacities. However, for biochar activation to be effective, it is necessary to understand which biochar physicochemical properties are affected, and whether or not these changes influence the binding of the target compound.
Activation treatments can be physical, chemical, or thermal in nature. For example, biochars can be activated through grinding or ball milling (physical activation), treating with acids, bases, and oxidizers [e.g., hydrogen peroxide (H 2 O 2 )] (chemical activation), or re-pyrolyzing at a higher temperature than the production temperature (thermal activation). Typically, the goal of these post-production the biochar structure. We hypothesized that the activation of the biochar prepared at 350 • C with H 2 O 2 could modify its surface affecting differently to its adsorption capacity towards ionizable and polar herbicides. Data reported here would be useful to prepare customized biochars to optimize the behavior of pesticides in agricultural soils, which is the critical step for the wide-spread use of biochar as soil amendment. Hence, the objectives of this study were to (1) assess the effects of H 2 O 2 activation on a low-temperature grape wood biochar, (2) evaluate the impact of activation on the sorption of two herbicides, one anionic, cyhalofop, and other neutral and polar, clomazone, and (3) elucidate potential sorption mechanisms.
Materials and Methods

Chemicals and Biochars
Two herbicides with distinct chemistries were selected for comparison in this study (Figure 1 ). Cyhalofop-butyl (butyl(2R)-2-[4-(4-cyano-2-fluorophenoxy) phenoxy]propionate) is a post-emergence aryloxyphenoxy propionic acid herbicide used in dry-seeded, water-seeded, and transplanted rice [18] . In soil, cyhalofop-butyl is rapidly transformed into its acid form, which exhibits lower sorption and higher water solubility [19] . Therefore, cyhalofop acid ((2R)-2-[4-(4-cyano-2 fluorophenoxy) phenoxy] propanoic acid) (pKa = 3.9 at 25 • C) was used in this study, and is henceforth referred to simply as cyhalofop. Clomazone [2-(2-chlorophenyl) methyl-4,4-dimethyl-3-isoxazolidinone] is a nonionizable pre-or post-emergence isoxazolidinone herbicide used in rice production, as well as in soybean, peas, and cotton cropping systems.
Agronomy 2019, 9, x FOR PEER REVIEW  3 of 17 could modify its surface affecting differently to its adsorption capacity towards ionizable and polar herbicides. Data reported here would be useful to prepare customized biochars to optimize the behavior of pesticides in agricultural soils, which is the critical step for the wide-spread use of biochar as soil amendment. Hence, the objectives of this study were to (1) assess the effects of H2O2 activation on a low-temperature grape wood biochar, (2) evaluate the impact of activation on the sorption of two herbicides, one anionic, cyhalofop, and other neutral and polar, clomazone, and (3) elucidate potential sorption mechanisms.
Materials and Methods
Chemicals and Biochars
Two herbicides with distinct chemistries were selected for comparison in this study (Figure 1 ). Cyhalofop-butyl (butyl(2R)-2-[4-(4-cyano-2-fluorophenoxy) phenoxy]propionate) is a postemergence aryloxyphenoxy propionic acid herbicide used in dry-seeded, water-seeded, and transplanted rice [18] . In soil, cyhalofop-butyl is rapidly transformed into its acid form, which exhibits lower sorption and higher water solubility [19] . Therefore, cyhalofop acid ((2R)-2-[4-(4-cyano-2 fluorophenoxy) phenoxy] propanoic acid) (pKa = 3.9 at 25 °C) was used in this study, and is henceforth referred to simply as cyhalofop. Clomazone [2-(2-chlorophenyl) methyl-4,4-dimethyl-3isoxazolidinone] is a nonionizable pre-or post-emergence isoxazolidinone herbicide used in rice production, as well as in soybean, peas, and cotton cropping systems. Analytical standards of cyhalofop and clomazone were purchased from Sigma-Aldrich (St. Louis, MO) for use in the sorption experiments. Solutions were prepared at a concentration of 1 mg L −1 in deionized (DI) water for each herbicide. Two additional cyhalofop solutions were prepared at equivalent concentrations (1 mg L −1 ) with 0.01 M CaCl2, and 0.01 M KCl to evaluate the influence of different salts on the sorption of this ionic compound.
Biochars used in this study were produced from grape wood pruning waste. Pyrolysis was carried out at temperatures of 350 °C (G-350), 500 °C (G-500), and 900 °C (G-900) using a Lindberg bench furnace equipped with a gas-tight retort (Lindberg/MPH, Riverside, MI) under a constant nitrogen inert gas flow. All biochars were held at their maximum temperature for two hours. Biochar was then cooled in the system (still under nitrogen purge) before being exposed to the atmosphere. The biochars were stored in sealed plastic bags until used. Biochar properties appear in Table 1 . Analytical standards of cyhalofop and clomazone were purchased from Sigma-Aldrich (St. Louis, MO) for use in the sorption experiments. Solutions were prepared at a concentration of 1 mg L −1 in deionized (DI) water for each herbicide. Two additional cyhalofop solutions were prepared at equivalent concentrations (1 mg L −1 ) with 0.01 M CaCl 2 , and 0.01 M KCl to evaluate the influence of different salts on the sorption of this ionic compound.
Biochars used in this study were produced from grape wood pruning waste. Pyrolysis was carried out at temperatures of 350 • C (G-350), 500 • C (G-500), and 900 • C (G-900) using a Lindberg bench furnace equipped with a gas-tight retort (Lindberg/MPH, Riverside, MI) under a constant nitrogen inert gas flow. All biochars were held at their maximum temperature for two hours. Biochar was then cooled in the system (still under nitrogen purge) before being exposed to the atmosphere. The biochars were stored in sealed plastic bags until used. Biochar properties appear in Table 1 . Activation of the G-350 biochar was carried out by treatment with H 2 O 2 . Approximately 10 g of G-350 biochar was immersed in 50 mL of a 3% H 2 O 2 solution and allowed to react for a period of 24 h at room temperature (22 • C). This biochar was selected for being prepared at low temperature, which was expected to maintain the agronomic benefits described for these types of biochars as compared to those prepared at higher pyrolysis temperature [20] . The 3% H 2 O 2 solution was used to minimize the amount of oxidizing agent while the properties of the biochar are modified, according to previously published data [21] . The biochar was then rinsed with DI water and oven dried (110 • C) prior to use. Activation was carried out shortly after the biochar was received (<2 weeks after production). Henceforth, the activated material will be referred to as the G-350 H 2 O 2 .
Biochar Characterization-G-350 Versus G-350 H 2 O 2
Bulk biochar properties including C, N, H, and ash content were analyzed by Micro-analysis, Inc. (Wilmington, DE). All values were reported on a % dry weight, ash-free basis. Oxygen content was calculated by difference (O=100-C-N-H-ash).
Biochars were imaged using a Hitachi S3500N Variable Pressure Scanning Electron Microscope (SEM) (Toyko, Japan) to visually inspect their physical structure. To reduce sample charging and improve image resolution, biochar samples were coated with a 2 nm layer of metal (60% Au, 40% Pd) using a Cressington 108 Auto Sputter Coater (Watford, England).
Fourier transform infrared spectroscopy (FTIR) was used to assess the biochar surface functional groups. FTIR was performed using a Jasco FT/IR 6300 spectrometer (Jasco Europe s.r.l.) equipped with Mercury-cadmium-telluride (MCT) detector fitted with an attenuated total reflection (ATR) accessory (MIRacle™ Single Reflection ATR from Pike Technologies, WI, USA). The spectral range used ranges between 4000 and 580 cm −1 , with nominal resolution of 2 cm −1 and 15-20 numbers of scans. Biochar samples were oven dried and ground prior to analysis.
Zeta potential was measured to evaluate electrostatic characteristics of biochar particles suspended in solution. Analysis was performed on G350 biochar with and without activation in suspensions of DI water and 0.01 M CaCl 2 (40 mg: 8 mL) by dynamic light scattering using a Zetasizer Nano ZS Analyzer (Malvern Instrument, Malvern, United Kingdom).
Water Vapor and Herbicide Sorption
Water vapor sorption on biochars was measured following the methods of McDermot and Arnell [22] and Medic et al. [23] to evaluate the accessible surface area and surface energy. Biochars were placed in sealed chambers held at different relative humidities using salt solutions [24] . The biochars were periodically removed and weighed until equilibrium was established, then total water sorption was determined by mass difference. Water vapor sorption data were fit to a linear Brunauer-Emmett-Teller (BET) model from which SSA [1] and the isoteric heat of adsorption (Ea) [2] were calculated. The specific surface area, SSA; is estimated from the following relationship: SSA = n m Nσ m (1) where n m = moles H 2 O in monolayer, N = Avogadro's number (6.02 × 10 23 ), σ = surface area per H 2 O molecule (10.8 × 10 −20 m 2 ), and m = mass of sorbent (g). The isoteric heat of adsorption (E a ) is calculated by the following:
where c = BET constant, R = gas constant (8.314 × 10 −3 kJ K −1 mol −1 ), and T = temperature (K). Herbicide sorption measurements were performed in triplicate using the batch equilibration method [25] . Biochar (40 mg) and 1 mg L −1 herbicide solution (8 mL) were combined in glass centrifuge tubes with Teflon lined caps (preliminary studies showed neither herbicide sorbed on the centrifuge tubes) [26, 27] . After shaking in an end-over-end shaker (30 r.p.m.) at 20 ± 2 • C for 24 h, samples were centrifuged (5000 rpm, 10 min), and 4 mL of supernatant were removed and filtered (0.45 µm), discarding the first 2 mL. The remaining 2 mL of filtered solution were transferred to 2 mL amber screw top vials for analysis by high performance liquid chromatography (HPLC), as detailed below.
Herbicide sorption on the biochar materials was evaluated based on removal efficiency (RE), calculated as:
where C i = initial herbicide solution concentration (mg L −1 ) and C e = solution concentration at equilibrium (mg L −1 ). The pH of the supernatant was measured directly in the sample tube at the end of the experiment. The solution pH was not adjusted or buffered during sorption measurements to fully account for the effects of activation and avoid further changes to the surface chemistries of the materials. The sorption-desorption isotherms were also obtained for clomazone and cyhalofop on untreated and H 2 O 2 activated G-350 biochar. For this purpose, in triplicate, 40 mg of each biochar were equilibrated with 8 mL of different solution of each herbicide with initial concentration ranging between 0.2 and 5 mg/L for 24 h at 20 ± 2 • C. Then, the suspensions were centrifuged and the supernatants were removed, filtered, and analyzed by HPLC. Sorption isotherms were fitted to the Freundlich equation:
where C s = amount of herbicide sorbed (mg kg −1 ) and C e = solution concentration at equilibrium (mg L −1 ). K f and N f are the empirical Freundlich constants calculated from its linearized form.
HPLC Analysis
Both cyhalofop and clomazone were measured by HPLC using a C-18 column (Kinetex C-18) in a Waters 600E chromatograph (Milford, MA) coupled to a diode array detector (Waters 996). The UV absorbance was monitored at 233 and 230 nm for cyhalofop and clomazone, respectively. The mobile phase was 50:50 (v/v) acetonitrile/water adjusted to pH 2.0 with phosphoric acid (H 3 PO 4 ) for cyhalofop, and 35:65 (v/v) methanol/water for clomazone, with a 1 mL min −1 flow and 25 µL injection volume. Instrumental limit of detection (LOD) was calculated as the lowest observable concentration giving a signal-to-noise (S/N) ratio of 3:1, while instrumental limit of quantification (LOQ) was calculated as the concentration resulting in an S/N ratio of 10:1. The LOD and LOQ were 0.01 mg L −1 and 0.03 mg L −1 , respectively, for both herbicides.
Statistical Analyses
Statistical evaluations of sorption based on RE values are detailed below for the various comparisons. All data are the means of triplicate samples with the exception of cyhalofop sorption in Agronomy 2019, 9, 588 6 of 16 0.01 M KCl which was conducted in duplicate. The effects of H 2 O 2 activation on RE were evaluated for each herbicide using t-tests (p < 0.05) comparing individual herbicide-solution pairs (e.g., RE of cyhalofop on G350 versus G-350 H 2 O 2 in H 2 O). The effects of variable background solutions on cyhalofop RE were evaluated by analysis of), variance (ANOVA and means were compared using Tukey's honest significant difference (HSD) test (p < 0.05). The effects of biochar production temperature on sorption for each herbicide were also evaluated based on ANOVA, and if statistically significant differences existed, the means were further compared using Tukey's HSD test (p < 0.05). Additionally, mean RE values of the two herbicides were analyzed pair-wise for each temperature using a series of t-tests to determine statistically significant differences (p < 0.05). All statistical analyses were performed in R (Version 3.3.2). Figures were plotted using Sigma Plot ® (Version 13.0 for Windows, 2014, Systat Software Inc., Point Richmond, CA, USA).
Results and Discussion
Biochar Activation Observations
Vigorous, rapid bubbling was observed upon the addition of H 2 O 2 to the biochar, consistent with observations of effervescence by Lawrinenko et al. [21] . It is unclear whether the bubbling was due to reactions with the carbon structure of the material [28] , or simply the decomposition of H 2 O 2 catalyzed by metal oxides in the biochar ash component [29] , or a combination of the two mechanisms. A variety of reactions have been reported following the exposure of biochar to H 2 O 2 , depending on the biochar properties [30] and activation conditions (e.g., pH, presence of ferrous salts [31] ).
Once dry, the H 2 O 2 activated G-350 biochar was noticeably lighter in color, shifting from a dark gray to a brownish hue (not shown). Alkaline H 2 O 2 is commonly used in the bleaching of wood pulp and appears to have similar effects on low-temperature biochar. The bleaching effects of H 2 O 2 on wood pulp have been attributed to the removal of chromophores and the breakdown of lignin [32] . However, the presence of transition metal ions is known to diminish the bleaching process by directly degrading the H 2 O 2 . Because bleaching effects are curtailed by metal-catalyzed degradation of H 2 O 2 [32] , the observed lightening of the biochar itself suggests that the H 2 O 2 was not solely degraded by metals associated with the ash component.
The bulk composition of the G-350 biochar showed the following changes with activation: carbon content decreased from 62.7% to 59.2%, whereas nitrogen content increased from 1.06% to 1.15%, and oxygen content increased from 32.4% to 36.6% following H 2 O 2 activation. The ash content of the biochar decreased from 10.5% to 3.5% following H 2 O 2 activation. While other studies have observed a similar decrease in biochar carbon content with H 2 O 2 treatments [16, 30] , changes may be affected by the source material. Huff and Lee [21] reported no changes in the bulk structure of a pinewood biochar (400 • C) with H 2 O 2 treatments ranging from 1% to 30% H 2 O 2 . In the present study, the measured decrease in carbon could be due to either a loss of inorganic carbonates or organic carbon in the form of labile aliphatic groups. The loss of carbon can lead to the concentration of other elements. Because no new nitrogen atoms should be directly introduced by the H 2 O 2 treatment, the increase in N suggests some degree of concentration due to mass loss. Furthermore, the reduction in the ash content could contribute to the concentration of N. In contrast, external O may be introduced on the biochar by activation, and the loss of ash may decrease the O content through the loss of oxides and carbonates. Therefore, bulk elemental analyses alone are not enough to confirm changes in the oxygen functionality of the material.
SEM images of G-350 (a and b) and G-350 H 2 O 2 (c and d) are shown in Figure 2 . Compared to the untreated biochar, the G-350 H 2 O 2 has more open pores. The uncovering or opening of these pores likely resulted from the degradation of the more labile carbon (i.e., aliphatic groups) at the biochar surface by the H 2 O 2 . The oxidative degradation of carbon structures by H 2 O 2 is a well-known reaction; for example, soils are often treated with H 2 O 2 to remove organic matter [33] . The opening of pores via ATR-FTIR spectra of H2O2 activated G-350 biochar, G-350, G-500 and G-900 are shown in Figure  3 . The following peak identifications correspond with those reported by Li et al. [34] . The broad band between 3200 and 3600 cm −1 represents the O-H stretch from adsorbed water, while the peaks at 2921, 2855, and 1419 cm −1 result from aliphatic C-H. The presence of C=C and C=O stretching in aromatic rings are responsible for the peak at 1616 cm −1 , and the peak at 1317 cm −1 was attributed to aromatic CO-and phenolic -OH groups. The peaks at 1018, 872, and 777 cm −1 likely result from the presence of silicate minerals (Si-O-Si) in the biochar samples, which is not surprising given that the G-350 biochar is over 10% ash. Alternatively, the peak at 777 cm −1 has been attributed to aromatic C-H stretching in biochar samples [21] , and the peak at 872 cm −1 has been attributed to aromatic C-H as well as C-O from carbonates [35] . ATR-FTIR spectra of H 2 O 2 activated G-350 biochar, G-350, G-500 and G-900 are shown in Figure 3 . The following peak identifications correspond with those reported by Li et al. [34] . The broad band between 3200 and 3600 cm −1 represents the O-H stretch from adsorbed water, while the peaks at 2921, 2855, and 1419 cm −1 result from aliphatic C-H. The presence of C=C and C=O stretching in aromatic rings are responsible for the peak at 1616 cm −1 , and the peak at 1317 cm −1 was attributed to aromatic CO-and phenolic -OH groups. The peaks at 1018, 872, and 777 cm −1 likely result from the presence of silicate minerals (Si-O-Si) in the biochar samples, which is not surprising given that the G-350 biochar is over 10% ash. Alternatively, the peak at 777 cm −1 has been attributed to aromatic C-H stretching in biochar samples [21] , and the peak at 872 cm −1 has been attributed to aromatic C-H as well as C-O from carbonates [35] .
While the overall differences between the G-350 spectra before and after activation appear to be minor, slight changes in O functionality and aliphatic groups are evident. The G350 H 2 O 2 spectrum suggests an increase in O-containing functional groups, most notably at 1310 and 1616 cm −1 . A similar increase in O-groups was reported by Huff and Lee [27] following H 2 O 2 activation of a 400 • C pinewood biochar at room temperature, as was an increase in the 775 cm −1 peak. Huff and Lee [27] proposed that the increase at 775 cm −1 represented an increase in C-H stretching, possibly resulting from the opening of aromatic rings. In contrast, the decreased intensity of the aliphatic bands near 2900 cm −1 observed in the present data suggests a decrease in aliphatic functional groups, which is consistent with their degradation by reactions with H 2 O 2 . Regarding the biochars prepared at 500 • C and 900 • C, there was a decreased in the intensity of the O-H stretching of the hydroxyl groups at 3424 cm −1 , due to the loss of hydration, and the C-H stretching of the aliphatic vibration groups (2921-2855 cm −1 ). The disappearance of the phenolic -OH and aromatic CO also suggest a loss of functionality in these materials, as has been published previously [36, 37] , which would explain the observed sorption behavior. While the overall differences between the G-350 spectra before and after activation appear to be minor, slight changes in O functionality and aliphatic groups are evident. The G350 H2O2 spectrum suggests an increase in O-containing functional groups, most notably at 1310 and 1616 cm −1 . A similar increase in O-groups was reported by Huff and Lee [27] following H2O2 activation of a 400 °C pinewood biochar at room temperature, as was an increase in the 775 cm −1 peak. Huff and Lee [27] proposed that the increase at 775 cm −1 represented an increase in C-H stretching, possibly resulting from the opening of aromatic rings. In contrast, the decreased intensity of the aliphatic bands near 2900 cm −1 observed in the present data suggests a decrease in aliphatic functional groups, which is consistent with their degradation by reactions with H2O2. Regarding the biochars prepared at 500 °C and 900 °C, there was a decreased in the intensity of the O-H stretching of the hydroxyl groups at 3424 cm −1 , due to the loss of hydration, and the C-H stretching of the aliphatic vibration groups (2921-2855 cm −1 ). The disappearance of the phenolic -OH and aromatic CO also suggest a loss of functionality in these materials, as has been published previously [36, 37] , which would explain the observed sorption behavior.
Biochar produced at low temperatures generally have a variety of surface functional groups compared to high-temperature biochars, which more closely resemble aromatic graphitic carbon [35] . Limited decarbonylation and decarboxylation reactions take place below 350 °C, resulting in the presence of more polar surface groups, aliphatic groups, and a more amorphous character [10] . Typically, oxidative activation treatments add O to higher temperature biochars or charcoals in the case of activated carbon, which have limited functionality (i.e., flat FTIR spectra); therefore, the increase in O is clearly observable. However, it is unclear whether or not a similar oxygenation process is taking place on this low-temperature material with many pre-existing O groups. The FTIR data do not provide adequate evidence to determine whether the observed increase in the O-group peaks is from the addition of O (i.e., chemisorption of O on defect sites [30] ), or if these peaks sharpen due to the removal of the aliphatic C groups (i.e., uncovering pre-existing atoms or concentrating their signal).
A key challenge in interpreting biochar FTIR spectra is that the peaks are the sum of interactions of difference groups, and the information is not often quantitative [38] ; the magnitude of changes to biochar that were observed are not known. Furthermore, bands of mineral components can overlap the typical C-O and C-H peaks associated with the organic phase [39] , which can lead to Biochar produced at low temperatures generally have a variety of surface functional groups compared to high-temperature biochars, which more closely resemble aromatic graphitic carbon [35] . Limited decarbonylation and decarboxylation reactions take place below 350 • C, resulting in the presence of more polar surface groups, aliphatic groups, and a more amorphous character [10] . Typically, oxidative activation treatments add O to higher temperature biochars or charcoals in the case of activated carbon, which have limited functionality (i.e., flat FTIR spectra); therefore, the increase in O is clearly observable. However, it is unclear whether or not a similar oxygenation process is taking place on this low-temperature material with many pre-existing O groups. The FTIR data do not provide adequate evidence to determine whether the observed increase in the O-group peaks is from the addition of O (i.e., chemisorption of O on defect sites [30] ), or if these peaks sharpen due to the removal of the aliphatic C groups (i.e., uncovering pre-existing atoms or concentrating their signal).
A key challenge in interpreting biochar FTIR spectra is that the peaks are the sum of interactions of difference groups, and the information is not often quantitative [38] ; the magnitude of changes to biochar that were observed are not known. Furthermore, bands of mineral components can overlap the typical C-O and C-H peaks associated with the organic phase [39] , which can lead to misinterpretations of the data. This may be particularly problematic for biochars with high ash contents, and in comparing biochars with different ash content or composition.
Biochar pH was strongly influenced by the treatment with H 2 O 2 , decreasing from 7.9 to 4.8 in H 2 O (7.5 to 4.5 in 0.01 M CaCl 2 ). The pH decrease may be related to the changes in functionality (i.e., increased surface acidity) [21, 40] . However, given the drastic nature of this decrease, it is likely other factors also play a role and the importance of metal oxides in the ash cannot be ruled out. In comparison, Huff and Lee [27] reported a 1.5 unit decrease in pH with 30% H 2 O 2 treatment, but only a 0.1 unit decrease with 3% H 2 O 2 for different wood biochars. The decrease in ash content with H 2 O 2 treatment likely facilitated the observed decrease in pH.
Chemical activation had no measurable effect on the zeta potential of the G-350 biochar in DI water. The original G-350 and its activated counterpart had measured zeta potential values of −27.4 ± 2.2 mV Agronomy 2019, 9, 588 9 of 16 and −26.4 ± 1.2 mV, respectively, in DI water, indicating a net negative surface charge. The biochar zeta potentials were less negative when measured in 0.01 M CaCl 2 from the screening effects of the ions in solution (−10.4 ± 1.7 mV and −14.2 ± 1.6 mV for G-350 and G-350 H 2 O 2 , respectively), and G-350 H 2 O 2 was significantly less negative than G-350 (t-test, p = 0.04).
The zeta potential was measured at the natural pH level of each biochar. Because zeta potential correlates with pH, if the variable-charge surface groups were unaltered, the lower pH of G-350 H 2 O 2 would be expected to have a more positive zeta potential value. However, the unchanged value in DI water suggests more charge groups are present on the activated biochar, which is in agreement with the FTIR data.
H 2 O 2 activation increased the water vapor SSA of G-350 by nearly 3-fold, from 47 to 140 m 2 g −1 . The increase in SSA with activation is consistent with the opening of pores visible in the SEM images ( Figure 2 ). Though only macropores are clearly distinguishable on the scale imaged, the opening of additional micropores may have also contributed to the rise in SSA.
Isoteric heats of adsorption of water vapor (E a values) were 23 and −43 kJ mol −1 for G-350 and G350 H 2 O 2 biochars, respectively. Values that are more negative indicate more energetically favorable adsorption. Activation of G-350 by H 2 O 2 increased the biochar surface's affinity for water vapor, based on the large decrease in E a . Water is a polar molecule; therefore, E a values can be influenced by site-specific electrostatic interactions. It is possible that the newly developed (or uncovered) O-group nucleation sites are responsible for the observed decreased E a with chemical activation. The decrease in aliphatic C-H observed in the FTIR spectra following activation, also supports this observed decrease in the G-350 biochar's hydrophobicity [41] .
Herbicide Sorption
Activation of the G-350 biochar by H 2 O 2 increased cyhalofop RE but did not significantly change clomazone RE as compared to unactivated biochar (Figure 4) . In H 2 O, cyhalofop RE increased from 6.3% to 35.4%, while clomazone RE did not significantly increase (65.0% to 70.3%). Though a different activation method was employed (i.e., post-pyrolysis air oxidation), Xiao and Pignatello [12] similarly found that activation had a greater effect on organic acid adsorption than on neutral compounds. Clomazone RE was greater than cyhalofop RE on both the G-350 (65.0% versus 6.3%) and G-350 H2O2 (70.3% versus 35.4%) biochars. This finding is consistent with the sorptive behavior of clomazone versus cyhalofop in soil, where average distribution coefficient normalized to total organic carbon, Koc, values are 300 and 186, respectively [42] . In previous work, clomazone was also Clomazone RE was greater than cyhalofop RE on both the G-350 (65.0% versus 6.3%) and G-350 H 2 O 2 (70.3% versus 35.4%) biochars. This finding is consistent with the sorptive behavior of clomazone versus cyhalofop in soil, where average distribution coefficient normalized to total organic carbon, K oc , values are 300 and 186, respectively [42] . In previous work, clomazone was also sorbed greater than other anionic pesticide, byspiribac sodium, when the soil was amended with biochars prepared at 350 • C [27] . This was attributed to the presence of more amorphous organic matter within the carbonaceous matrix in biochar and further abundance of surface functional groups, according to higher O/C ratios, could favor specific chemical interactions, as reported for others polar organic compounds [27] . The scarce sorption of cyhalofop can be explained by its low pK a (3.9) which favors the predominance of the anionic form at most biochar pH levels (pH > 7). In its anionic form there would be reduced attraction to negatively charged surfaces. This electrostatic repulsion along with its low SSA values (<1 m 2 /g) has been the key factors cited for the low sorption of anionic pesticides on biochars [27] .
The sorption isotherms were well-fitted to the Freudlich equation with R 2 > 0.970 for all cases ( Table 2 ) and they confirmed the trend observed for the RE (Figure 5 ). That is, the activation was only satisfactory for cyhalofop whereas no changes were registered for clomazone after the treatment of of G-350 with H 2 O 2 ( Figure 5 ). The N f values < 1 registered for the activated biochar was an indication of the limited availability of sorption sites whereas for G350 closer to 1 suggesting more partitioning medium (Table 2) . This fact has been associated with adsorption mechanism for others organic compounds in biochars [27] . To compare the effects of chemical activation to as opposed to thermal activation, REs of the untreated grape wood biochars (350, 500, and 900 °C) are shown in Figure 6 . As seen with the activated biochar, clomazone sorption was significantly greater than cyhalofop sorption on both G-350 and G-500. Within the temperature series, the G-900 biochar had the greatest affinity for both herbicides, removing > 99% from solution, while the REs of G-350 and G-500 did not significantly To compare the effects of chemical activation to as opposed to thermal activation, REs of the untreated grape wood biochars (350, 500, and 900 • C) are shown in Figure 6 . As seen with the activated biochar, clomazone sorption was significantly greater than cyhalofop sorption on both G-350 and G-500. Within the temperature series, the G-900 biochar had the greatest affinity for both herbicides, removing > 99% from solution, while the REs of G-350 and G-500 did not significantly differ from one another for either compound. The high RE of G-900 is consistent with the commonly reported trend of increased sorption with biochar production temperature, which is often attributed to increase in aromaticity and SSA with temperature (e.g., Chen et al. [10] ). While the H 2 O 2 activation of G-350 increased the RE of cyhalofop, the REs for both cyhalofop and clomazone remained much lower than with the G-900 biochar and were likely controlled by different sorption mechanisms.
herbicides, removing > 99% from solution, while the REs of G-350 and G-500 did not significantly differ from one another for either compound. The high RE of G-900 is consistent with the commonly reported trend of increased sorption with biochar production temperature, which is often attributed to increase in aromaticity and SSA with temperature (e.g., Chen et al. [10] ). While the H2O2 activation of G-350 increased the RE of cyhalofop, the REs for both cyhalofop and clomazone remained much lower than with the G-900 biochar and were likely controlled by different sorption mechanisms. The background solution had a significant impact on cyhalofop removal by both the untreated and H 2 O 2 activated biochars; however, the effects were not consistent across the two materials ( Figure 4 ). It is anticipated that adsorption will vary with solution ionic strength [9] , consistent with that observed for cyhalofop on untreated G-350. Previous studies of aromatic acid sorption on carbonized sorbents have reported similar trends of increasing sorption with ionic strength [43] , suggesting electrostatic-based mechanisms; however, other studies have reported no effect of ionic strength on organic acid sorption on biochar [44] . In contrast, cyhalofop sorption on G-350 H 2 O 2 did not increase with ionic strength or follow any clear trend. The lower pH of the G-350 H 2 O 2 biochar may have also dampened the screening or bridging effect of cations, as suggested by the lower magnitude of RE variability.
The effects of activation on G-350 biochar could be the results of a variety of mechanisms, i.e., changes in ash/mineral fraction, O functionality, aliphatic carbon, SSA, pH, zeta potential, π-interactions, or combinations thereof. If the mineral fraction of the biochar were actively involved in adsorption, we would expect to see a decrease in RE correlating to the decrease in % ash; however, this was not the case for either herbicide. Clomazone RE did not change, suggesting that the ash content has no effect. Cyhalofop RE increased, suggesting that the ash may have been blocking active binding sites [9] , or otherwise altering properties that impact cyhalofop adsorption, specifically pH [45] .
Both the bulk analysis and FTIR data suggest a slight increase in O functionality of the biochar surface following chemical activation. Because clomazone RE did not change with activation, there is no evidence to support direct interactions with these newly formed O groups. In contrast, the increase in cyhalofop RE on G-350 H 2 O 2 suggests the new, or newly accessible, groups were influential; therefore, site-specific mechanisms such as charge-assisted hydrogen bonding (CAHB) may be critical for cyhalofop sorption.
The change in aliphatic C with activation can help in discerning the role of hydrophobic interactions. Unlike activated charcoals and high-temperature biochars where hydrophobicity is related to its large aromatic C structure, the hydrophobicity of low-temperature biochars arises from the presence of hydrophobic aliphatic functionalities [46, 47] . The H 2 O 2 activation appears to have degraded some of the aliphatic groups present on the original G-350 biochar, which should theoretically decrease the hydrophobicity of a low-temperature biochar surface. This was confirmed in our study by the decrease in water vapor E a . Therefore, if the labile hydrophobic C were responsible for the removal of the herbicides, we would expect to see a decrease in RE. The unchanged RE of clomazone instead does not support hydrophobic effects with these non-aromatic groups. Similarly, the aliphatic groups did not appear to contribute to the removal of cyhalofop, and instead may have been preventing site-specific interactions with O groups.
The decrease in water vapor E a with activation supports the decrease in biochar surface hydrophobicity; therefore, if hydrophobic effects were key in the sorption of either herbicide, decreased REs should have been observed. Water vapor adsorption data also identified an increase in SSA with activation. The increase in SSA corresponded to an increase in cyhalofop RE, but not clomazone RE, suggesting the newly exposed surfaces favored interactions with the ionizable compounds, or a removal of pore size restrictions for the slightly larger cyhalofop molecule.
Though porosity was not explicitly measured in this study, the increased SSA and SEM images suggest an increase in porosity with activation. While the SSA measurable by water vapor indicates a large increase, it is important to keep in mind that the larger clomazone and cyhalofop molecules cannot necessarily enter newly developed micropores accessible to the smaller water molecules. For all porous materials, pore filling is a potential removal mechanism; however, the data in this study do not support it as the dominant mechanism controlling adsorption on biochar. If pore filling were a dominant mechanism, we would expect to see both cyhalofop and clomazone adsorption increase following the H 2 O 2 treatment, as both molecules are of similar size. Instead, only an increase in cyhalofop adsorption was observed. The treatment with 3% H 2 O 2 at room temperature was relatively mild compared to other activation methods, such as thermal oxidation, where porosity has been shown to play a larger role in the increased organic chemical sorption (e.g., [7] ).
Changes in pH arise from changes in the previously discussed biochar properties (i.e., ash content and surface functionality), but their effects must also be considered independently. Because pH influences the relative abundance of charged species for ionizable compounds such as cyhalofop, it is crucial to take into account changes in this distribution. As previously stated, pH was not adjusted in this experiment in order to fully account for the effect of activation and prevent further changes to the material. Based on the solution pH of the untreated G-350 biochar (pH 7.9), 100% of the cyhalofop would be present in its anionic form, while 89% is expected in the anionic form with the activated biochar (pH 4.8). Though important to note, this shift in species distribution does not appear to fully account for the >450% increase in cyhalofop RE with activation. Similarly, the slightly lower pH of the biochars in 0.01 M CaCl 2 may contribute in part to the higher cyhalofop RE (compared to H 2 O), but other mechanisms such as cation bridging are also likely influential [48] .
Zeta potential, likewise, is related to the aforementioned changes in biochar properties, as well as pH. For a negatively charged biochar surface, the general trend is for zeta potential to become less negative as pH decreases. Therefore, if we assume no change to the biochar surface with activation, the three-unit decrease in pH would be expected to result in a more positive zeta potential. However, we observed either no change (H 2 O) or a more negative (0.01 M CaCl 2 ) zeta potential following activation, which is in agreement with the observed changes to the biochar surface chemistry. Because the net charge did not become more positive, non-site-specific electrostatic forces of the material would not be expected to favor a greater attraction of the anionic cyhalofop, again suggesting the importance of mechanisms such as CAHB with selected functional groups [44, 49] .
π-interactions (e.g., π-π overlap, polar -π) are often cited as adsorption mechanisms for the removal of organic compounds by biochar (e.g., antibiotics [48, 50] ), but most often are associated with high temperature biochars and activated charcoals. While many aromatic π-orbitals are present in the G-350 biochar, only small ring clusters exist within biochars produced at these low temperatures, and the structure is more amorphous than high temperature biochars [36] . Additionally, the presence of many functional groups, such as long aliphatic side chains, as have been registered by FTIR (Figure 3 ), can sterically hinder these interactions and influence the distribution of delocalized electrons.
Sorption mechanisms for organic compounds are often cited to shift from partitioning in the noncarbonized organic fraction to adsorption on the carbonized material as biochar pyrolysis temperatures increase [10] . However, partitioning is not specific mechanism that can be determined, but rather describes the removal of a sorbate from solution that follows a linear isotherm. Theoretically, the sorbate is dissolving into the organic matter; in the case of biochar, the noncarbonized (amorphous) fraction. Because partitioning is not a clearly defined mechanism, it is challenging to comment on its importance from the data in this study. However, if partitioning were occurring in the labile C fraction of the original biochar, we would have expected to see a decrease in RE with activation.
Numerous other mechanisms appear in the biochar literature (e.g., Van der Waals forces, hydrogen bonding, etc.); however, we cannot elucidate the individual contributions of each specific mechanism. It is also important to recall that multiple mechanisms simultaneously contribute to the observed net sorption. We can, however, begin to prioritize the mechanisms.
Conclusions
Characterization of a low temperature grape wood biochar before and after activation revealed that 3% H 2 O 2 at room temperature, a relatively mild treatment, was sufficient to alter the surface chemistry of the biochar as well as the bulk composition. The activation induced changes improved the sorption of cyhalofop, but not clomazone, which suggests that H 2 O 2 activation treatments may be of use for sorbing organic acid herbicides but is of little value in optimizing the removal of polar, non-ionizable compounds. However, the ability to target weak acid herbicides is particularly beneficial, as their anionic nature makes them particularly susceptible to leaching and contaminating groundwater. Furthermore, the demonstrated ability to improve sorption on a low temperature biochar is promising for agricultural use.
With regard to sorption mechanisms, it was found that neither ash, nor labile C (aliphatic groups) were key in the removal of cyhalofop and clomazone. Instead, cyhalofop removal appeared to be favored by the decreased pH with activation and the availability of O functionality; therefore, charge-based mechanisms such as CAHB are hypothesized to dominate its sorption by biochar. In contrast, the activation effects in this study suggest hydrophobic effects did not appear to be the driving mechanism. However, whether the similar mechanisms persist in the soil environment will need to be examined in future work. In particular, the localized effects of the H 2 O 2 -induced pH decrease should be studied to determine if this sorption-enhancing property remains effective in case of the other weak acid herbicides.
